Gene therapy for ␤-thalassemia requires stable transfer of a ␤-globin gene into hematopoietic stem cells (HSCs) and high and regulated hemoglobin expression in the erythroblastic progeny. We developed an erythroid-specific lentiviral vector driving the expression of the human ␤-globin gene from a minimal promoter/enhancer element containing two hypersensitive sites from the ␤-globin locus control region. Transplantation of transduced HSCs into thalassemic mice leads to stable and long-term correction of anemia with all red blood cells expressing the transgene. A frequency of 30 -50% of transduced HSCs, harboring an average vector copy number per cell of 1, was sufficient to fully correct the thalassemic phenotype. In the mouse model of Cooley's anemia transplantation of transduced cells rescues lethality, leading to either a normal or a thalassemia intermedia phenotype. We show that genetically corrected erythroblasts undergo in vivo selection with preferential survival of progenitors harboring proviral integrations in genome sites more favorable to high levels of vector-derived expression. These data provide a rationale for a gene therapy approach to ␤-thalassemia based on partially myeloablative transplantation protocols.
T
halassemias are a heterogeneous group of inherited anemias that collectively represent the most common monogenic disorders. The ␤-thalassemias are characterized by reduced or absent production of hemoglobin ␤-chains. The most severe form, ␤-thalassemia major or Cooley's anemia, is characterized by a profound anemia that, if not treated, leads to death in the first year of life. The only available cure is allogeneic bone marrow (BM) transplantation which is, however, available for less than 30% of patients (1) . Autologous transplantation of genetically corrected hematopoietic stem cells (HSCs) is considered an attractive therapeutic alternative for patients lacking a compatible donor. The development of lentiviral vectors (LVs) and the optimization of HSC transduction conditions has led to the recent application of LVs expressing the human ␤-globin gene in preclinical murine models and in human thalassemic cells (2) (3) (4) . LVs expressing ␤-globin contain different combinations of DNase I-hypersensitive sites from the ␤-globin locus control region (LCR) and ␤-globin promoter/enhancers (5) . Inclusion of insulator elements has been reported to increase globin synthesis (4) but impairs viral production because of genetic instability (6) . Large-scale production of ␤-globin LVs, transduction of human HSCs at safe, low vector copy number (VCN), and engraftment of therapeutic levels of genetically corrected HSCs are currently major challenges to a successful clinical translation.
The clinical history of thalassemia and over 20 years of experience with BM transplantation allow for predictions that even a mild correction of the globin chain imbalance in a fraction of maturing erythroblasts would be sufficient to reduce the morbidity caused by ineffective erythropoiesis, to improve the clinical management of the disease, and to increase the patients' life expectancy (1) . Studies of long-term transplanted thalassemic patients revealed that persistent mixed chimerism, with a proportion of donor cells of 20-30%, results in resolution of thalassemia (7) . The rise in Hb in the presence of a limited number of donor normal cells is suggestive of a selective growth and survival advantage of erythroid precursors and RBCs. Studies on ␤-thalassemic mice transplanted with normal BM cells demonstrated that 10-20% chimerism is sufficient to significantly increase Hb and to diminish extramedullary hematopoiesis (EMH). Amplification of normal red blood cells (RBCs) in the peripheral blood of mice engrafted with low numbers of HSCs suggested an in vivo selection during erythropoiesis (8) .
In the context of gene therapy for thalassemia, the minimal dose of transduced HSCs required to correct the phenotype and the potential selective advantage of the genetically corrected erythroblasts need to be determined. Survival advantage of genetically corrected erythroblasts has never been studied, and it is not predictable from BM transplantation experiments because the amount of ␤-globin produced by vector-transduced cells is unlikely to match that synthesized by normal cells. This issue is relevant to develop gene therapy protocols based on mildly myeloablative conditioning regimens. In this study, we have developed and produced at high titer a LV that expresses ␤-globin (GLOBE), and demonstrated that transplantation of transduced HSCs corrects the pathological features of the most severe mouse models of thalassemia intermedia and major (th3 mutant). A frequency of 30-50% of transduced hematopoietic cells harboring an average VCN of 1 was sufficient to fully correct the thalassemic phenotype in th3/ϩ mice. Importantly, molecular analysis of proviral integrations in BM subpopulations provides evidence for in vivo selection of genetically corrected erythroblasts differentiating from transduced HSCs.
Results
A LV for Expression of Human ␤-Globin from Minimal ␤LCR. We have constructed a minimal LCR-␤-globin transcription unit containing a 2.7-kb fragment encompassing LCR elements HS2 and HS3, which have been reported to have classical enhancer and dominant chromatin-opening functions, respectively (9) . This minimal LCR HS2/HS3 combination was linked to a fully functional mini-␤-globin gene with 265 bp of 5Ј and 300 bp of 3Ј flanking sequences (10) . The minimized LCR-␤-globin transcription unit was inserted into a self-inactivating, HIV-derived LV in reverse orientation with respect to the 5ЈLTR-driven genomic transcript, generating the GLOBE LV (Fig. 1A) . We routinely produced viral stocks at a titer up to 2 ϫ 10 9 transducing units per ml (350 fold concentration), which is 1/2 the titer of LV expressing GFP.
Transplantation of Transduced HSCs in th3/؉ Mice Corrects Anemia
and Restores Normal Hematological Parameters. To test the therapeutic potential of the GLOBE vector, we transplanted transduced BM cells into lethally irradiated ␤-thalassemic mice and evaluated the correction of the pathological features that characterize this disease model. We used heterozygous C57BL6/Hbb th3 knockout mice (th3/ϩ), which show a pathophysiology comparable to that of patients with severe ␤-thalassemia intermedia (11) . BM cells were isolated from th3/ϩ male donors, transduced with the GLOBE vector, and transplanted into eight lethally irradiated th3/ϩ female recipients. As controls, eight and nine mice were transplanted with mock-transduced th3/ϩ and normal cells, respectively (referred as th3/ϩ and normal control). Recipient mice were killed nine months after BM transplantation, and the peripheral blood and the hematopoietic organs were harvested and subjected to multiple analysis. The percentages of RBCs expressing human ␤-globin, detected by FACS [please see supporting information (SI) Materials and Methods], in th3/ϩ mice transplanted with transduced HSCs ranged from 64% to 99% (Fig. 1B and Table 1 ). Vector-derived ␤-globin ranged from 14% to 37% of endogenous murine ␣-chain [HPLC analysis (SI Materials and Methods) and Table 1 ] and was sufficient to fully correct anisocytosis and poikilocytosis in peripheral blood ( Fig. 2A  iii and iv) . In contrast, th3/ϩ control mice remained severely anemic and showed abnormal RBC morphology (Fig. 2 Aii) . Hematocrit (Hct), RBC count, Hb level, and reticulocyte count were significantly improved compared with th3/ϩ control mice ( Fig. 2B and Table S1 ). Molecular analysis of VCN, performed by quantitative PCR on DNA extracted from BM cells, indicated that in most of the mice the degree of correction of the thalassemic phenotype was commensurate to VCN (Table S1 ). Transduction of long-term repopulating HSCs, persistence of vector-derived globin expression, and long-term correction of the thalassemic phenotype were demonstrated in secondary transplanted mice (Fig. S1 , data not shown).
Restoration of Effective Erythropoiesis and Correction of Organ
Pathology. To determine the impact of sustained ␤-globin gene expression on hematopoiesis, we studied the erythroid (Ter119 ϩ ) BM and splenic populations and the degree of splenomegaly and EMH. In thalassemic mice, we observed a massive expansion of the Ter119 ϩ erythroid compartment (60.0 Ϯ 2.9% of total BM cells compared with 37.1 Ϯ 1.8% in normal control mice, Table S2 ), which was significantly reduced in mice transplanted with GLOBEtransduced cells (43.5 Ϯ 2.9%, P ϭ 0.003 in mock-transduced vs. transduced th3/ϩ group; P Ͼ 0.05 in WT vs. transduced th3/ϩ group, Table S2 ). The level of splenic EMH in th3/ϩ mice, represented by a high proportion of Ter119 ϩ cells (47.1 Ϯ 8.0% of total splenocytes), was also reduced in treated mice (11.5 Ϯ 2.8%, Table S2 ). The regression of EMH was confirmed by histological examination of spleen and liver from long-term chimeras. In treated mice, the proportion between spleen white and red pulp, which was completely lost in th3/ϩ control mice because of erythroid precursors expansion, was reconverted to normal. The amount of iron deposits was also comparable to those of normal mice ( Fig. S2 A and Table S2 ). Livers from untreated th3/ϩ mice showed several foci of intrasinusoidal EMH and iron accumulation because of increased gastrointestinal iron uptake, whereas livers from treated mice were similar to those of normal animals ( Fig. S2B and Table S2 ). CFU-S, spleen colony-forming units; ND, not determined. *Ratio between the areas of HPLC peaks corresponding to human ␤ -and murine ␣-globin chains (hu␤/m␣).
In vivo Selection of Genetically Corrected Erythroid Progenitors.
To study the clonality of engrafted cells, genomic DNA extracted from BM samples of primary transplanted mice was subjected to linkermediated PCR (LM-PCR), and proviral integration sites were sequenced and mapped on the mouse genome. As control we used a group of th3/ϩ mice transplanted with HSCs transduced with a GFP-expressing LV (LV-GFP). Proviral localization, targeted genes, and their biological function are reported in Tables S3 and  S4 . We found a finite number of integrations (2-15 per animal) in both groups of transplanted mice, indicating oligoclonal contribution of transduced HSCs to the hematopoiesis. Southern blot analysis confirmed this estimate (data not shown). None of the 61 GLOBE integrations and only 1 of the 28 LV-GFP integrations mapped in the vicinity (Ϯ30 kb) of cancer-associated retroviral common integration sites [Retrovirus Tagged Cancer Gene Database (RTCGD), http://rtcgd.abcc.ncifcrf.gov]. These results are different from those obtained in human CD34 ϩ cells (12) , although both analyses were performed on a number of samples too small to draw any significant conclusion. The analysis of VCN indicated that the proportion of vector-harboring cells on the total BM cells ranged from 0.23 to Ͼ1 (Table 1) . BM cells harvested from primary hosts (mice 14, 19, 4, 2, and 55) were transplanted in secondary recipients to perform clonal analysis on day 12 for spleen colonyforming units (CFU-S). Quantitative PCR analysis showed that in most of the mice transduced, on average, CFU-S harbored a single integrant per genome. Frequency of transduction in CFU-S correlated with that observed in BM cells of primary recipients (Table  1 ). The proportion of RBCs producing Hb was invariably high, ranging from 64% to 99%, independently from the number of transduced HSCs in the marrow. In particular, mice engrafted with a low number of genetically modified HSCs (mice 14, 6, 4, and 55) had a VCN of 0.23, 0.27, 0.55, and 0.55 which correlated with 64%, 86%, 99%, and 96% of RBCs expressing human ␤-globin (Table 1) . This observation suggests an in vivo selection of transduced erythroblastic progenitors or a survival advantage of genetically corrected RBCs.
We investigated this hypothesis by sorting the Ter119 ϩ fraction from the nonerythroid (Ter119 Ϫ ) subpopulation of BM cells from transplanted mice and determined VCN by using quantitative PCR. In most of the mice, the proportion of transduced cells in the (Fig. 3A) . In one mouse, no. 14, although the proportion of BM Ter119 ϩ transduced cells was 43% (VCN 0.43), a higher proportion of RBC expressing ␤-globin (64%) was found, suggesting also a survival advantage of transduced mature erythroid cells in the periphery. In marked contrast, in a control group of th3/ϩ mice transplanted with th3/ϩ BM cells transduced by a LV-GFP, no significant difference was found in the VCN of Ter119 ϩ vs. Ter119 Analysis of the proviral integration sites revealed that in 50% of transplanted mice, Ter119 ϩ and Ter119 Ϫ cells shared common integrations (2-5) (Table S3, 
Ϫ fractions (Table  S3 ). This observation indicates that in these cases the erythroblastic compartment was mainly sustained by the expansion of progenitors harboring specific proviral integrations. Interestingly, the integrations mapping to intergenic regions were significantly more abundant in the Ter119 ϩ than in the Ter119 Ϫ fraction (52.9% vs. 23.9%, P ϭ 0.01), suggesting that proviral expression in such locations is less prone to interference by chromatin environment and associated transcriptional activity ( Table 2 ). The increased proportion of intergenic sites remained statistically significant in ex vivo GLOBEtransduced Ter119 ϩ cells compared with GLOBE-and LV-GFPtransduced pretransplant cells (P ϭ 0.04 and P ϭ 0.001, respectively, Table 2 ). In the total unfractionated BM cell population, the proportion of intergenic (38.7%) and intragenic (53.2%) integration sites was contributed by the Ter119 ϩ and Ter119 Ϫ subpopulations. Importantly, no evidence of skewing after transplantation was found since in the Ter119 Ϫ fraction, the proportion of intergenic integrations was comparable to that observed in lineagenegative (Lin Ϫ ) BM progenitors transduced by GLOBE (27.6% vs. 23.9%), and to that reported (13) for Lin Ϫ BM cells transduced with a LV-GFP (28.1%) ( Table 2) . Compared with randomly cloned control sequences (Table 2 and Table S4 ), the GLOBE vector showed a preference for intragenic integration in nonerythroid cells, similar to our recent reported results for LV in human CD34 ϩ cells (14) .
Correction of Thalassemia Major in the Murine Model of Cooley's
Anemia. The therapeutic potential of the GLOBE LV was also tested in a murine model of Cooley's anemia (15) . We analyzed the efficacy of th3/th3 fetal liver cells (FLCs), transduced with the GLOBE LV, by rescuing the survival and ameliorating the pathophysiology of transplanted co-isogenic C57BL/6-CD45.1 mice (n ϭ 16). As controls, recipient mice were lethally irradiated (n ϭ 8) or irradiated and transplanted with normal (n ϭ 8), th3/ϩ (n ϭ 8), and th3/th3 FLCs (n ϭ 9), respectively. Recipients of mock-transduced th3/th3 FLCs (referred to as th3/th3 control) died 30-80 days after transplantation (T 50 ϭ 50 days), because of the profound state of anemia that occurred coincidentally with the loss of normal recipient RBCs. All of the mice transplanted with GLOBE transduced th3/th3 FLCs showed long-term survival (P Ͻ 0.0001 th3/th3 GLOBE vs. th3/th3; Fig. 4A ). Further analysis determined that 4 of 16 transplanted mice showed a percentage of chimeric Hb tetramers (Hb hu/mu ) of Ͼ90% of the total Hb (Hb hu/mu ϩ Hb mu ), as determined by using cellulose acetate electrophoresis (Fig. 4B) . Six months after FLC transplantation, all RBCs expressed ␤-globin ( Fig. S3) with amelioration of anisocytosis and poikilocytosis (Fig.  S4A) Table S5 ). The extent in reduction of iron deposits and hepatic EMH was commensurate to the degree of correction of hematological parameters and erythroid hyperplasia (Table S6 and Fig. S4 B and C) . Finally, molecular analysis showed that BM cells of long-term, full-donor chimeras harbored an average VCN of 4 (Table S5) .
Discussion
The high levels of expression of the ␤-globin-like gene family are mediated at the transcriptional level by the LCR working in concert with gene promoter/enhancer elements. Each of the four transcriptionally active LCR hypersensitive sites possesses a functional core of 2-300 bp, which contains a high density of erythroid-specific and ubiquitous transcription factor binding elements (9) . Mechanistically, the LCR mediates activation of gene expression by means of DNA/chromatin looping. This explains the need to retain minimum distances between the core regions and between the LCR and downstream globin promoters (16) . Genetic correction of ␤-thalassemia requires the use of control sequences from the LCR to drive therapeutic levels of transcription. The size constraints of the LV system force trimming and compaction of genomic fragments spanning the active cores of the LCR elements, which significantly reduce the efficiency of this regulatory region by preventing insertion site position effects. Nevertheless, LV harboring LCR HS2/ HS3/HS4-mini-␤-globin gene combinations have encouragingly resulted in therapeutic levels of ␤-globin expression at an average VCN of 1-2 per cell (2, 4, 17) . More recently, it has been shown that the addition of ␤LCR HS1 may further improve expression levels (17) . In this work, we developed a LV for ␤-globin expression carrying only ␤LCR HS2 and HS3 sequences, which were reported to possess the most crucial LCR classical enhancer and dominant chromatin-opening functions, respectively (9) . The size and position of these genomic fragments was chosen to preserve the distance between their active cores that give rise to full functionality (18) . In addition, GLOBE features a larger internal deletion of intron 2, reducing its size to 257 bp but maintaining the 3Ј enhancer end and full splicing capability (10, 19, 20) , and lacks the 3Ј ␤-globin enhancer that was dispensable in this transcription unit design (M.N.A., unpublished results). The absence of HS4 does not appear to affect the therapeutic potential of the GLOBE vector. Furthermore, the introduction of this ␤-globin transcriptional cassette into the LV backbone did not adversely affect vector production and stability, as reported for other large LCR-␤-globin vectors (4, 12, 15) . The high viral titer of GLOBE and its molecular stability will facilitate large-scale production and utilization at a clinical level.
The therapeutic potential of GLOBE was evaluated in one of the most severe murine models of ␤-thalassemia intermedia, the th3/ϩ mutant. Transplantation of LV-transduced HSCs into primary and secondary thalassemic recipients led to complete and persistent correction of anemia and hematological parameters, rescue of ineffective erythropoiesis, and correction of secondary organ associated pathology. Molecular analysis indicated that the engraftment of a finite number of transduced HSCs was sufficient to fully correct thalassemia, with an average VCN of less than 1. These data are comparable with those recently obtained by using a vector expressing ␤-globin under the control of larger LCR elements (17) . A high VCN of GLOBE into engrafted HSCs was not necessary to correct thalassemia, in contrast to some previous studies (3, (21) (22) (23) , indicating a good safety profile for the GLOBE vector. We observed a finite number of dominant transduced HSCs (2-15 per mouse), as expected by their frequency in the transplanted BM, the engraftment defect associated with the in vitro stimulation, and the fluctuation in the expansion of single HSCs, which gives rise to committed progenitors (24, 25) . Clonal dominance driven by vector insertion is highly unlikely given the features of the GLOBE integration sites. Indeed, oligoclonality is a common finding in experiments of transplantation of retrovirus-transduced hematopoietic cells, as reported by others for different systems (2, 26, 27) .
Correction of thalassemia was also achieved in the murine model of Cooley's anemia. Transplantation of transduced ␤ 0 FLCs in lethally irradiated recipients resulted in all RBCs expressing chimeric human-murine Hb, rescue of all of the transplanted mice from lethality, reversion to a normal phenotype in half of the treated animals, and conversion to a thalassemia intermedia phenotype in the remaining ones. Long-term full chimeras had a VCN between 3 and 5. These values are not unexpected, considering that a consistent increase in Hb levels (from 3.5 to 13.4 g/dl) is necessary to correct this phenotype, and that human ␤-globin associates poorly with the murine ␣-chain (28), forming tetramers that might not be as functional as the murine ones. Results obtained in this model should therefore be considered indicative but not fully predictive for future clinical translation.
A crucial aspect of gene therapy for hematopoietic diseases is the proportion of engrafted, genetically corrected HSCs that is needed to achieve a therapeutic benefit. Results emerging from gene therapy trials of two different forms of severe combined immunodeficiency indicated that selective advantage conferred by transgenes (adenosine deaminase or ␥ c -receptor) is key to a successful outcome in the presence of a small number of transduced hematopoietic progenitors (0.1-10%) (29) (30) (31) . BM transplantation in thalassemia demonstrates that it is not necessary to completely ablate the patient's BM to obtain clinical control of the disease. Transplanted patients with long-term, persistent mixed chimerism ranging from 20% to 50% are transfusion independent (32), allowing one to predict that partial replacement of thalassemic HSCs with genetically corrected cells would be sufficient, with no need for a full myeloablative regimen. In transplanted ␤-thalassemic mice, low-level chimerism (10-20%) resulted in a large majority of donor-derived RBCs, a significant increase in Hb level, and diminished EMH (8) . The proportion of donor erythroid progenitors/precursors (burst-forming units-erythroid or pro-erythroblasts) in BM of transplanted patients or mice paralleled the proportion observed for donor leukocytes (8, 32) , demonstrating that the amplification of the normal erythroid component does not occur up to the pro-erythroblast stage. However, data from BM transplantation cannot be directly translated to gene therapy because the amount of ␤-globin produced by vector-transduced cells is unlikely to be comparable to that synthesized by normal cells. Our findings provide evidence that a significant, therapeutic amplification of a genetically corrected erythroid component occurs with HSC chimerism as low as 30-50%. In most of the mice, the transduction level in the Ter119 ϩ BM population was on average 4-fold higher than that observed in the nonerythroid compartment, indicating a selective advantage of highly transduced and possibly highly expressing erythroid precursors. Because the most immature, pro-erythroblastic precursors account for Ͻ6% of the Ter119 ϩ component of a steady-state BM, it is very likely that selection occurs at the level of mature basophilic, polychromatophilic, and orthochromic erythroblasts. Molecular and biochemical analysis on CD71 ϩ /Ter119 ϩ BM subpopulations is needed to determine the stage at which selection is established. The normal proportion of the overall Ter119 ϩ component in the BM of genetically corrected mice indicates a survival rather than a proliferative advantage. In at least one mouse, we obtained evidence for a survival advantage of transduced erythroid cells, also in the periphery. Correction of ineffective erythropoiesis and increased red cell survival are most likely the basis of the observed selective advantage of genetically corrected cells. This selective advantage was most likely overlooked in previous studies, which did not separately analyze BM subpopulations in genetically corrected mice (2, 3) .
Interestingly, the analysis of the proviral integration sites in the Ter119 ϩ and Ter119 Ϫ subpopulations revealed that integrations in intergenic regions were significantly more abundant in the former fraction. We speculate that the erythroblastic compartment was mainly sustained by the expansion of progenitors harboring proviral integrations in genome sites more favorable to high levels of vector-derived expression. A high level of transgene expression from intergenic integrations was previously reported in CFU-S transduced with a globin-expressing vector (33) . These findings are unexpected based on previous data on the genomic location of latent and stably expressed HIV proviruses (34) , suggesting that the genomic requirements for expression of globin LCR-driven promoters in a LV context may differ from those of the HIV LTR.
In conclusion, this study demonstrates that correction of ␤-thalassemia is achieved by in vivo selection of genetically corrected erythroblastic progenitors, differentiating from a relatively limited number of transduced HSCs. These findings have relevant implications for the design of future clinical trials because they indicate that full myeloablation may not be necessary for gene therapy of thalassemia.
Materials and Methods
DNA Cloning and Analysis. To generate the pRRL.sin-18.GLOBE LV, a human ␤-globin minigene and a 2.7-kb ␤LCR HS2-HS3 element (18) were cloned into pRRL.sin-18.CMV.GFP plasmid (35) , by replacing the CMV-GFP-WPRE fragment. ␤-Globin minigene, deleted from a 600-bp RsaI to SspI sequence in intron II, extends from a ClaI-linkered SnaBI site at Ϫ265 bp from the transcriptional start site to a Acc65I-linkered BspHI site Ϸ300 bp after the poly(A)-addition site. Viral vector stocks were prepared as described in ref. 36 . Viral titers were determined by transduction of HEL cells with serial dilution of the vector stocks followed by quantitative PCR after 3 weeks of culture to allow dilution of unintegrated vector below detection level. Genomic DNA was isolated by using the Qiagen QIAmp DNA mini Kit. VCN was measured with quantitative PCR, by using primers and probe specific for the rev-responsive element (RRE) region: forward primer 5Ј-TGAAAGCGAAAGGGAAACCA-3Ј, reverse primer 5Ј-CCGTGCGCGCTTCAG-3Ј and probe 5Ј-VIC-AGC TCT CTC GAC GCA GGA CTC GGC-MGB-3Ј (VIC, a reporter from Applied Biosystems; MGB, minor groove binder).
Analysis of GLOBE Integration Sites. Integration sites were amplified by LM-PCR, cloned, and sequenced as described in ref. 14. Sequences were mapped within the murine genome by employing the BLAT genome browser (University of California Santa Cruz Human Genome Project Working Draft, October 2005). A genuine integration contained both LTR-and linker-specific sequences and a genomic sequence featuring a unique best hit with 95% identity to the murine genome. The list of mapped integrations is provided in Tables S3 and S4 .
Transplantation of Hematopoietic Cells. C57BL/6 mice were purchased from Charles River. C57BL6/Hbb th3 mice (th3/ϩ) were kindly provided by M. Sadelain (Memorial Sloan-Kettering Cancer Center, New York). C57BL/6-CD45.1 (B/6.SJLCD45a-Pep3b) were purchased from The Jackson Laboratory. Murine BM cells were harvested from control C57BL/6 and C57BL6/Hbb th3 mice and infected for 18 h with viral stocks at a multiplicity of infection of 20 as described in ref. 36 .
Transduced cells were injected (2 ϫ 10 6 cells per mouse) i.v. in 8-week-old C57BL/6-CD45.1 and C57BL6/Hbb th3 mice given 1,100 cGy of total body irradiation. CFU-S were isolated at day 12 from the spleen of recipient mice injected with 1 ϫ 10 5 BM cells from primary recipients. FLCs were harvested, infected as previously described (15) , and injected (3-4 ϫ 10 6 cells per mouse) into lethally irradiated C57BL/6-CD45.1 mice. All procedures were approved by the Animal care and Use Committee of the Fondazione San Raffaele del Monte Tabor and of the University of Washington and were communicated to the Ministry of Health and local authorities according to Italian law.
RBC Morphology and Hematological
Analysis. Blood samples were collected and Hb concentration, RBC counts, and Hct were measured on the Sysmex KX-21 automated blood cell analyzer (Sysmex). Blood smears were stained with May-Grunwald/Giemsa. Reticulocyte counts were determined by flow cytometry after staining with thiazole orange dye (Aldrich).
Histopathological Analyses. Liver and spleen samples were fixed in 4% paraformaldehyde solution, paraffin-embedded, sectioned, stained with hematoxylin and eosin (H&E), Giemsa, and Perls staining, and examined by light microscopy.
Statistical Analyses. We used the two-tailed Student's t test to determine whether hematological parameters and erythroid expansion differed between groups. The Kaplan-Meier analysis was performed to construct survival curves that were compared by using the log-rank test. All of the statistical analyses were performed by using GraphPad Prism Version 0.4 (GraphPad).
